Abstract-Monte Carlo methods are the gold standard in modeling light propagation through complex turbid tissues. However, with the advent of structured light illumination applications, it is becoming crucial to implement fast and efficient methods to simulate arbitrary wide-field sources over large surface areas. Herein, we improve upon our previous mesh-based Monte Carlo method by enabling the simulation of an extended range of wide-field illumination strategies using a computationally efficient mesh re-tessellation technique.
I. INTRODUCTION
Optical imaging has become an essential tool in numerous biomedical fields to monitor and quantify the functional, structural and molecular states of thick tissues. Accurately computational models of the light transport inside complex tissue structures are essential for the success of optical imaging techniques, and are playing important roles in the design of novel imaging instrumentation and numerous clinical and preclinical applications. There is a great interest in developing more accurate and computationally efficient forward models. Such interest is recently amplified with the rapid advent of wide-field illumination strategies for spectroscopy [ 1 ] or tomography [2, 3] . Efficient photon transport models that can handle complex illumination strategies are in great needs.
The Monte Carlo method (MC) is recognized as the most accurate approach for simulating photon migration inside general random media, such as biological tissues. By solving the Radiative Transport Equation (RTE) stochastically, MC provides accurate solutions in nearly all media configurations, including the conditions where the diffusion equation fails: such as short source-detector separations, high absorption, low scattering, shallow/small tissues and early-arriving photons [4 ] .With the rapid development of parallel MC algorithms using modern hardware [5, 6, 7] , MC techniques are no longer restricted to providing reference solutions, but are increasingly used in optimization-based problems [8, 9] .
Recently, mesh-based formulations have been proposed to further increase MC computational efficiently and accuracy in the presence of complex boundaries [ 10 , 11 ] . However, simulating complex wide-field illumination sources comes at the cost of a computational overhead [12] to the already taxing photon propagation computations. In this work, we built on our previous implementation of wide-field mesh-based forward model [ 12 ] to provide an efficient computational tool that allows simulations of complex wide-field sources with a marginal computational overhead.
II. METHODS
Our previous approach for handling a wide-field source that is located outside of a mesh domain requires an initial ray-tracing for each launched photon in order to identify the surface injection point [12] . Even for a simplified wide-field source, such calculation could lead to a computation overhead about 5-10% of the total run-time. In comparison, the ray-tracing calculations inside a tetrahedral mesh are much more efficient because the tetrahedron that encloses the photon is explicitly tracked by the algorithm. Therefore, the key to reduce the overhead due to the initial ray-tracing is to modify the mesh (M) so that an exterior complex source domain (S) becomes part of the modified tetrahedral mesh.
To accomplish this, we propose a mesh re-tessellation algorithm to combine the spatially disconnected source domain, S, with the original mesh space, M. The source domain, in most applications, is a 3D polyhedron within which the photons are launched. For example, for a planar source with a rectangular profile, S is a simple 3D rectangle characterized by 4 co-planar nodes (shown in Fig. 1a) . To merge S and M, we first calculate the convex hull for the point-set including all the nodes in M and the vertices in S. The convex-hull, C, is a triangular surface bounding both S and M (shown in Fig. 1b) . Here we assume S is far from M so that S coincides with part of the convex hull C. We then tessellate the space, T, bounded by the surface C and the exterior surface of M. Once the tessellation of T is completed, we can then merge T with M and form the final modified mesh, M' (see Fig. 1c ). The tetrahedral elements in T are specifically labeled and are assumed to have the optical properties of air. The final mesh M', after the modification, contains a triangulated S at the exterior surface. In the case of Fig. 1 , the triangulation of S contains two triangles. When a photon is launched inside S, only two point-in-triangle tests are needed to calculate the initial tetrahedron that encloses the photon. Compared to the initial ray-tracing calculations on the original mesh, the computational overhead using the modified mesh is dramatically reduced.
At present our re-tessellated mesh-based Monte Carlo program allows simulation with eleven types of sources, including cone beam, isotropic source, arcsine beam, spatial frequency domain sources and the most important one, 3D quadrilateral arbitrary pattern, which could be powerful when designing and optimizing novel illumination patterns. All source-characterizing information can be represented with no more than 8 floating-points numbers in addition to the source position and incident direction.
III. VALIDATION
To evaluate the performance of this improved mesh-based MC technique, we first tested our new program with a uniform planar source using a widely distributed mouse phantom -the Digimouse model -and compared the results with our previous algorithm. The Digimouse model used in this test contains 42,301 nodes and 210,161 tetrahedron elements (before re-tessellation). For simplicity, uniform optical properties are used: a = 0.3cm -1 , µ s ' = 15cm -1 , g = 0.9, n = 1.37 derived from the average values for mouse tissues in the NIR spectral region [12] . A uniform square pattern of size 10mm by 10mm was placed above the model (the range for x: 15.0-25.0mm, y: 50.0-60.0mm, z: 30.0mm) and all photons have an incident direction of [0 0 -1]. After the mesh re-tessellation, 51,053 new elements were created in the extended space. 3×10 7 photons were launched and the fluence rate of 50 time-gates (100ps wide) was recorded for each node. The total fluence distribution in logarithmic scale is shown in Fig. 2 . There are no noticeable differences between the results of two versions of program. The simulation took about 10 minutes on a personal computer with 12 Intel Core i7-4930K processors. Compared to the previous version, where the injection points are calculated by projecting a ray vertically onto the mesh surface, our re-tessellated method achieved a time decrease of about 20% for computational overhead. Moreover, in the previous version sources are limited to rectangle planar shape and perpendicular to z axis whereas there are no such limitations in this new program.
IV. CONCLUSION
We implemented a significantly generalized mesh-based Monte Carlo that supports a wide-range of complex source forms. By dynamically tessellating the mesh to include the source domain, our new approach offers great flexibility and less computational overhead. We reported the initial test results of using a uniform planar source on a Digimouse mesh model. The current implementations lead to a 20% decrease in the computational overhead associated with wide-field sources modeling. We plan to further extend the current implementation to the detection side for improved performances in wide-field optical tomography based on single-pixel camera strategy [13] .
